ABSTRACT
with C. fulvum. Upon inoculation with C. fulvum, chitinase and 1,3-,#-glucanase activity in apoplastic fluids increased more rapidly in incompatible interactions than in compatible ones. The role of these hydrolytic enzymes, potentially capable of degrading hyphal walls of C. fulvum, is discussed in relation to active plant defense.
The accumulation of PR2 proteins upon infection with viroids, viruses, bacteria or fungi has been described for several plant species (28) . PR proteins share a number of characteristics such as a relatively low mol wt, accumulation in the apoplast, a high resistance to proteolytic activity, and extreme isoelectric points (28) .
The accumulation of PR proteins in tobacco leaves (cv Samsun NN) showing a hypersensitive response to TMV is well documented. The major acidic PR proteins could be resolved on native polyacrylamide gels and were referred to as proteins PR-la, -lb, -lc, -2, -N, -0, -P, -Q, -R, and -S, in order of decreasing mobility (23) . Although much information on the induction and physical properties of these proteins is available, a biological function of some of these proteins ' This research was carried out in the framework of contract BAP-0074-NL ofthe Biotechnology Action Programme ofthe Commission of the European Communities.
2 Abbreviations: PR, pathogenesis related; TMV, tobacco mosaic virus.
has been reported only recently. PR proteins -P and -Q were identified as chitinases and -2, -N, and -O as 1,3-,B-glucanases. In addition to these acidic proteins, two basic chitinases and one basic 1,3-fl-glucanase were identified (15, 17) . Also, in another species of the Solanaceae, the occurrence of PR proteins has been reported. Kombrink et al. (16) identified several PR proteins in potato leaves which were inoculated with Phytophthora infestans. Six chitinases and two 1,3-f-glucanases were found in apoplastic fluid as well as in homogenates of infected leaf tissue.
In contrast to P. infestans which ramifies through the tissue inter-as well as intracellularly, Cladosporium fulvum, the causal agent oftomato leafmold, is a biotroph that is confined to the apoplast (6) . The interchange of proteins and other substances between the two organisms in the apoplast ultimately determines the outcome ofthe interaction (compatible or incompatible). A marked accumulation of several apoplastic proteins occurs in tomato leaves after inoculation with C. fulvum. In addition to the presence of proteinaceous racespecific elicitors (9, 25) and a compatible interaction-specific protein (14) , the accumulation of various PR proteins in the apoplast has been reported (10, 1 1 (6) . Races 4 and 5 of C. fulvum were used to inoculate two nearisogenic lines of tomato carrying the resistance genes Cf4 (susceptible to race 4 and resistant to race 5) and Cf5 (susceptible to race 5 and resistant to race 4).
Preparation of Apoplastic Fluids and Leaf Homogenates
Entire leaves were infiltrated with distilled water in vacuo, and the apoplastic fluids were isolated by centrifugation, according to the method described by De Wit and Spikman (9) .
Leaf homogenates were obtained by grinding leaves (after removal of the main veins) in a mortar containing 0.5 M Naacetate buffer (pH 5.2) (4.0 mL/g fresh weight) and sand. The homogenate was centrifuged for 15 min at 8,000g, followed by 30 min at 35,000g. The supernatant was collected and analyzed by PAGE.
Determination of Protein
Protein was determined using the method described by Bradford (4) , with BSA as a standard.
PAGE
PAGE under low pH, nondenaturing conditions on 10% (w/v) polyacrylamide slab gels was performed following the method described by Reisfeld et al. (24) . Staining and fixation was as described by Steck et al. (27) .
SDS-PAGE on 15% (w/v) polyacrylamide slab gels was performed as described by Joosten and De Wit (14) . The molecular weight of the various proteins was estimated by coelectrophoresis of marker proteins ranging from 14 1,3-3-Glucanase activity was assayed by measuring the rate of reducing sugar production with laminarin (Koch-Light) as the substrate. The reaction mixture consisted of 0.4 mL of Mcllvaine's citric acid-phosphate buffer (pH 5.6) containing 1 mg/mL laminarin and 0.1 mL of enzyme solution. After 15 min of incubation at 37°C, 0.5 mL of the alkaline copper reagent was added (26) and the mixture was heated at 100°C for 10 min. After cooling on ice, 0.5 mL of the arsenomolybdate reagent (20) was added, followed by 3.0 mL of H20 after development of the blue color. The absorbance was measured at 660 nm (1). Glucose was used as a standard, and enzyme and substrate alone were included as controls. One katal (kat) was defined as the enzyme activity catalyzing the formation of 1 mol glucose equivalents/s.
Chitinase Assay
Assays for chitinase activity in apoplastic fluids were carried out without pretreatment of the enzyme solution. Regenerated [3H]chitin, prepared as described by Molano et al. (19) , was used as a substrate. The reaction mixture (total volume 200 ,L) contained 50 mm phosphate buffer (pH 6.4), 0.02% (w/v) NaN3, 1.7 x 105 cpm of [3H]chitin and apoplastic fluid or purified protein fractions. After incubation at 37°C for 15 min, 0.6 mL of 10% (w/v) TCA was added, and the suspension was centrifuged at IOOOg for 5 min. The radioactivity of the supernatant (400 ,uL) was determined by liquid scintillation counting after the addition of 4.0 mL of Aqua Luma Plus (Lumac). Chitinase activity was calculated as described by Boller et al. (2) and is expressed as cpm in the released soluble products.
Analysis of 1,3-ft-Glucanase and Chitinase Products
The products released by incubation of laminarin or chitin with the purified 1,3-fl-glucanase or chitinase were analyzed with a HPLC system equipped with a refractive index detector (Waters). Aminex HPX-87P and HPX-42A columns (300 x 7.5 mm, temperature 85°C) were used for separating monosaccharides and oligosaccharides, respectively.
Purification of a 1,3-j8-Glucanase and a Chitinase from Apoplastic Fluids Four hundred mL of apoplastic fluid, originating from the interaction Cf5/race 5, obtained 14 d after inoculation, was concentrated to about 100 mL by freeze-drying and clarified by centrifugation (10 min, 1000g). Proteins were precipitated in 70% (v/v) acetone at -20°C, and the pellet obtained after centrifugation (5 min, 1000g) was air dried. The pellet was suspended in 30 mL of 25 mm Na-acetate buffer (pH 4.5) and centrifuged for 5 min at 2000g. The clear supernatant was applied to a CM-Sephadex C-25 column (1.6 x 7.5 cm; 15 mL bed volume) equilibrated with 25 mm Na-acetate buffer (pH 4.5), and the column was washed with 40 mL of the same buffer at a flow rate of 15 mL/h to remove the nonbound compounds. The bound proteins were eluted with 0.5 M NaCl in 25 mm Na-acetate buffer, at the same flow rate. The eluate was dialyzed against distilled water, freeze-dried, and the resulting residue was dissolved in 20 mL of 25 mm imidazole-HC1 buffer (pH 7.4) and applied to a Polybuffer Exchanger 94 column (Pharmacia, 1. H20, was used to separate purified proteins from polybuffer.
The column was eluted with H20 at a flow rate of 4 mL/h.
Antiserum Preparation
Fifteen hundred ,ug of purified 1,3-f3-glucanase and 300 yg of purified chitinase were used to raise polyclonal antibodies in rabbits (14) . This antiserum was used for immunological detection of proteins on Western blots.
RESULTS
Purification of a 1, (17) .
These results prompted us to assay for 1,3-f3-glucanase and chitinase activity during the further purification of these proteins.
SDS-PAGE of apoplastic fluid from the interaction Cf5/ (Fig. IA, lane b) . In the subsequent chromatofocusing step most of the proteins which were eluted from the CMSephadex C-25 column did not bind to the column at pH 7.4 NmOW (Fig. IA, lane c) . However, the 26 kD and 35 kD proteins bound to the column and were eluted at pH 6.1 and pH 6. (14) , while 6-"-* *protein band 7 represents the necrosis-inducing peptide (25) . Replicates of the gel presented in Figure 2A were blotted onto nitrocellulose and incubated with different antisera. In Figure 2B the blot was incubated with antiserum raised against the purified 1,3-fl-glucanase from tomato. The antiserum In Figure 2C the blot was incubated with antiserum raised against a purified chitinase (PR-P) from tobacco. The antiserum detected the 26 kD chitinase and cross-reacted with a 27, 30, and 32 kD protein. Antiserum raised against the purified 26 kD chitinase from tomato or antiserum raised against a chitinase isolated from bean leaves (2) detected the 26, 30, and 32 kD proteins, but not the 27 kD protein (results not shown).
When samples similar to those presented in Figure 2A were electrophoresed under low pH, nondenaturing conditions, 14 16 antisera raised against the purified 1,3-f3-glucanase from tomato and PR-O from tobacco cross-reacted with bands 3 and 5 ( Fig. 1 B) on a western blot (results not shown). Antisera raised against the purified chitinase from tomato and PR-P from tobacco both detected the chitinase on a western blot and showed low affinity to two proteins near protein band 2 (results not shown). The time course of total 1,3-f3-glucanase activity in apoplastic fluid followed the observed accumulation ofthe 35 kD 1,3-f3-glucanase (Fig. 4A ). In the incompatible interaction, a fast increase in 1,3-,B-glucanase activity occurred, reaching a maximum within 6 d, while in the compatible interaction, after a slow initial increase, the maximal level was reached 4 d later.
The time course of total chitinase activity in apoplastic fluids also revealed a fast increase in the incompatible interaction. The increase in chitinase activity in apoplastic fluids from the compatible interaction was lower than was anticipated from the observed accumulation of the 26 kD chitinase at later stages of infection (Fig. 4B) .
Both 1,3-f-glucanase and chitinase activities showed some increase in uninoculated Cf5 plants which were incubated under the same conditions as the inoculated plants. Measurements of time dependent 1,3-,B-glucanase and chitinase accumulation in the reciprocal interactions (Cf5/race 4 and Cf4/race 4) gave similar results (results not shown).
DISCUSSION
We have shown that two of the predominant PR proteins which accumulate in the intercellular spaces of tomato leaves after inoculation with C. fulvum possess hydrolytic activity.
A 35 kD protein showed 1,3-fl-glucanase activity, while a protein of 26 kD, possessed chitinase activity. Young and Pegg (29) isolated three different acidic 1,3-,Bglucanases from healthy tomato leaf and stem, but none of them was purified to homogeneity. They also isolated a constitutive chitinase from healthy tomato stem tissue with a Mr of 27 to 31 kD and a pI of 8.5 (22) . This enzyme could be similar or related to the 27 kD or 30 kD chitinase in apoplastic fluids or leaf homogenates, which were detected on nitrocellulose blots, but it is different from the 26 kD chitinase because of its different pI and Mr.
Legrand and co-workers (17) showed that four chitinases, isolated from TMV-infected tobacco leaves, had different physicochemical properties but were serologically closely related. Close serological relationships were also found for the four different 1,3-f3-glucanases isolated from TMV-infected tobacco leaves ( 15) . All six chitinases that were purified from potato leaves infected by P. infestans showed strong crossreactivity with antiserum raised against a chitinase isolated from bean leaves (16) Chitinase and 1,3-,B-glucanase activities increase in tobacco and potato following infection (15) (16) (17) . In cucumber, chitinase is induced in response to viral, bacterial and fungal infections (18) . In tomato, Verticillium or Fusarium wilt induced an increase in 1,3-,B-glucanase and chitinase activity, which was always higher in the infected susceptible plants, where far more fungal biomass was present than in resistant ones (13, 22) . In Verticillium-infected tomato plants, the increase in 1,3-f3-glucanase and chitinase activity coincided with a levelling off and subsequent reduction of the amount of viable pathogen in the tissue (21) . The host glycosidases that were induced by the fungus were found to partially degrade Verticillium albo-atrum mycelial wall preparations and could therefore provide a host defense mechanism (30).
In tomato, C. fulvum, however, induced an increase in 1,3-f3-glucanase and chitinase activity in apoplastic fluids that was much faster in the incompatible than in the compatible interaction. In the compatible interaction, it took at least 10 d to reach a level of activity comparable to the level reached at 6 d after inoculation in the incompatible interaction. In the compatible interaction, at 6 d after inoculation, fungal growth is already far more advanced than in the incompatible interaction (1 1) , indicating that in the incompatible interaction the accumulation of the enzymes discussed above is specifically induced by an avirulent race of C. fulvum and is not a result of nonspecific stress caused by colonization ofthe intercellular spaces. In the latter case, one would expect more 1,3-f3-glucanase and chitinase in the compatible interaction at this stage of infection. The fast induction of these enzymes, and other PR proteins, in the incompatible interaction, could therefore be the result of recognition by the host of a racespecific elicitor produced by the fungus.
The rapid accumulation of 1,3-fl-glucanases and chitinases at the site of penetration in incompatible interactions could play an important role as a defense mechanism of the plant. Many ofthese hydrolytic enzymes accumulate in the apoplast, as do most of the other PR proteins. These enzymes could protect plants against extracellular fungi like C. fulvum but possibly also against pathogenic bacteria most of which grow in the intercellular space.
In hyphal tips of many fungi, 1,3-fl-glucans and chitin are exposed at the surface (3) and could be attacked directly by 1,3-,3-glucanases and chitinases. The oligosaccharides that are released from the fungal cell wall as a result of this hydrolytic activity could function as elicitors of various plant defense responses (5, 8) . Fungal growth could also be inhibited by a disturbance of the balance between synthesis and hydrolysis of hyphal wall material, caused by the extracellular presence of the hydrolytic enzymes (12) . In order to test these hypotheses, in future experiments, 1,3-j3-glucanases and/or chitinases will be tested for their ability to hydrolyze mycelium and isolated cell walls of C. fulvum. It will also be tested whether oligosaccharides released from this substrate are able to induce plant defense responses.
